Objectives: In the context of the increasing worldwide occurrence of imipenem-resistant Acinetobacter baumannii strains, we investigated a possible porin-mediated mechanism relating to the carbapenem resistance-associated outer membrane protein, CarO. The aim of this study was to determine whether this porin may be a diffusion pathway for carbapenems in A. baumannii.
Introduction
Acinetobacter baumannii is a common nosocomial pathogen, the epidemic spread of which is now worldwide. For the last two decades the number of multidrug-resistant (MDR) strains has been increasing and a more potent threat is the increasing rate of strains resistant to imipenem, thus carbapenems are the drugs of choice to treat severe A. baumannii infections. 1 Non-enzymatic molecular mechanisms act in synergy with carbapenem-hydrolysing b-lactamases to provide high-level resistance, but they have been barely described.
1,2 They include modifications of targets of carbapenems, the overexpression of the resistance-nodulation-cell division (RND)-type efflux pump AdeABC and the decreased expression of some outer membrane channel-forming proteins involved in antibiotic influx, i.e. the porins. 1 The carbapenem-associated outer membrane protein, also called CarO, is the most characterized porin in A. baumannii.
3,4
The analysis of MDR strains presenting a high MIC to imipenem (up to 16 mg/L) showed disruptions in the carO gene by the various insertion elements and thus loss of expression. 3, 4 It has been suggested that this channel-forming protein would allow the selective uptake of the ornithine and other basic amino acids and, by structural homologies, the uptake of imipenem. 4 In a previous proteomic study, the membrane protein profiles of A. baumannii ATCC 19606 and an MDR clinical isolate that was resistant to imipenem were compared: the protein CarO expressed in the resistant strain differed in its primary and quaternary structures from CarO of the susceptible strain. 5 We suggest that these structural modifications of CarO could lead to differences in the carbapenem diffusion pathway, as has already been demonstrated in other pathogenic species. 2 In the present study we tested this hypothesis by sequencing both carO genes. From sequence comparisons with protein databanks, we clearly identified that these two sequences are representative members of two major groups within the CarO protein family: CarOa and CarOb. Therefore, we undertook a functional comparison of recombinant rCarOa and rCarOb proteins and provide evidence for the first time of the presence of an imipenem binding site within both rCarOa and rCarOb proteins and highlight differences in substrate specificities between these two channels.
Methods
Bacterial strains, cloning and expression of carO genes A. baumannii ATCC 19606 and the MDR A6 strains were previously described. 5 The nucleotide sequence of carO was obtained as mentioned in Siroy et al. 6 and deposited in the NCBI database under the accession number HQ392590. Escherichia coli BL21(DE3) cells were transformed with the pETSIG-carOa/b vectors. 6 Protein expression was induced by 0.5 mM IPTG for 2 h. 6 Purification and refolding of recombinant CarOa/b proteins Cells were harvested by centrifugation (5000 g for 30 min) and the resulting pellet was resuspended in 300 mM NaCl/0.7% lysozyme/20 mM Tris-HCl pH 8/complete antiprotease cocktail from Roche. This suspension was disrupted by sonication and centrifuged at 10000 g for 10 min at 48C to allow the recovery of inclusion bodies. Solubilization was carried out by incubation in 150 mM NaCl/4 M urea/10 mM Tris-HCl pH 8 for 15 min at 408C, then 30 min on a rotating wheel at room temperature. The recombinant hexahistidine-tagged proteins, rhisCarOs, were recovered in the supernatant after a 100000 g ultracentrifugation (45 min at 188C).
The purification of rhisCarO proteins in urea was realized by affinity chromatography, as previously described. 6 Then refolding of rhisCarO proteins was performed in 1% Triton X-100 (w/v). 7 Protein re-concentration and a decrease in detergent quantity (to 0.1% Triton X-100) were performed again using affinity chromatography. The hexahistidine tag was cleaved by thrombin protease [1 U/mL, 1 : 40 (v/v); Amersham Biosciences, USA] at 258C during 24 h and removed by HiTrap chelating column.
Protein refolding of rCarOa and rCarOb (0.4 and 1.2 mg/mL, respectively) was monitored by circular dichroism spectroscopy using the method described in Siroy et al. 6 SDS-PAGE analysis and N-terminal sequencing were performed as previously described. 6 
Reconstitution in planar lipid bilayers
Virtually solvent-free planar lipid bilayers were formed by the Montal and Mueller technique. 6 Single-channel conductance and selectivity experiments were performed as mentioned in Siroy et al. 6 For macroscopic conductance inhibition experiments, the initial membrane conductance (G max ) was observed when 200 channels were present in the membrane with the transmembrane potential set at 40-50 mV. The ligand solutions containing imipenem (Merck Sharp & Dohme-Chibret, France), merope-
Sigma Chemical Company, USA) adjusted to pH 7 were added in small aliquots with stirring in the cis and trans sides of the membrane. When the decreased current was stabilized (about 10 min) after each addition, a new membrane conductance (G[M]) was recorded. The ligand-binding constant or stability constant (K) was determined by the equation:
.
The percent inhibition of conductance was determined for each substrate at different concentrations [M] .
Results and discussion

Alignment of CarO proteins
We sequenced the carO gene of the carbapenem-resistant strain A6. The resulting amino acid sequence exhibited 76% identity with the CarO sequence of the reference strain ATCC 19606.
When we compared these sequences with those available in different protein databanks (22 sequences from the EMBL and NCBI databanks), we identified a non-variable N-terminal domain (1-131) and two variable domains (132-162 and 200-238 in Figure S1 , available as Supplementary data at JAC Online) that allowed for the categorization of these proteins into two majors groups that we arbitrarily named CarOa (eight strains) and CarOb (nine strains). CarO protein from the reference ATCC 19606 belongs to the CarOa group, whereas CarO from the MDR A6 strain belongs to the CarOb group. Five additional sequences from strains Ab244, Acb-1, Ab288, ATCC 17978 and Ab253 appeared more marginal and presented between 53% and 75% of overall similarity with the CarOb group ( Figure S1 ). 3 In consideration of these results, we noticed that (i) the membership of a protein in one of these groups cannot be related to the membership of the corresponding strain to a particular widespread multiresistant clone, 1 e.g. in the CarOb group, the strain AYE belongs to clone I, whereas the strain ACICU belongs to clone II, and (ii) strains of the CarOb group that have been characterized, e.g. A6, AYE, ACICU, Ab242 or isolates from the Walter Reed Army Medical Center (WRAMC), share an MDR phenotype. 3, 5, 9 Purification and refolding of the recombinant CarOa/b proteins Both rhisCarOa and rhisCarOb were primarily recovered in the form of inclusion bodies that were solubilized in 4 M urea. Subsequent affinity chromatography allowed the recovery of 7 and 12 mg/mL of rhisCarOa and rhisCarOb, respectively. This purification step was followed by refolding in 1% Triton X-100 via a dilution method. 7 This process was monitored by SDS-PAGE analysis (Figure 1a , lanes 1 and 2 for rhisCarOa and lanes 3 and 4 for rhisCarOb) using the heat modifiability of bacterial outer membrane proteins, i.e. folded monomers migrating faster in SDS-PAGE gels than the same heat-denatured proteins. 6 The circular dichroism spectra of both purified proteins revealed similar minimum ellipticity near 220 nm (data not shown), a typical trait of porins presenting a secondary structure mainly consisted of b-strands. Lastly, the His 6 tag was cleaved by digestion with thrombin: the recognition sequence (LVPRGS) for this protease was fused between the N-terminal purification tag and the mature protein. 6 Uncleaved products were removed by Catel-Ferreira et al.
incubation with new Ni-NTA resin. N-terminal sequencing of tagless rCarOa and rCarOb protein samples gave the sequences 'GSDEAVVHD' and 'DEAVVHD', corresponding to the first amino acids of the mature sequence. 6 This result confirmed that both proteins were purified and free of the His 6 tag, thus allowing for functional and specificity analyses.
Functional characterizations of rCarOa/b
The pore-forming properties of both rCarOa and rCarOb proteins were investigated by reconstitution in planar lipid bilayers. We observed that each rCarO protein formed channels with the same small conductance value of 20 pS in 1 M KCl (Table 1) . Furthermore, when a KCl gradient (0.1 M cis: 1 M trans) was settled across the membrane, a zero-current potential was found, allowing calculation of the permeability ratio P K /P Cl according to the Goldman-Hodgkin -Katz equation. 6 These ratios, 2.03 for rCarOa and 2.01 for rCarOb ( Table 1 ), showed that these channels were similarly weakly selective for cations.
Thus, the removal of the hexahistidine sequence from rhisCarOa did not have a significant impact on the single-channel conductance or on the selectivity of the channel. 6 These rCarO channels share similar small single-channel conductances with other specific porins like E. coli Tsx (10 pS in KCl 1 M; specific for nucleosides) 8 and also with OprD, the imipenem-specific channel of Pseudomonas aeruginosa (20 -30 pS in KCl 1 M). 10 Similar to the OprD channel, CarO may participate in the selective uptake of carbapenems, L-Orn and, to a lesser extent, in the uptake of other basic amino acids. 4, 10 To test this hypothesis, we performed specificity experiments for both rCarOa and rCarOb channels towards L-Orn and L-Arg, two carbapenems (imipenem and meropenem) and L-Glu as a negative control. In this set of experiments, we recorded a macroscopic conductance corresponding to the incorporation of several hundred channels in the lipid bilayer. Then, substrates were added in a concentrationdependent manner (from 0.1 to 2 mM) to both sides of the membrane. The observation of a subsequent decrease in conductance (thus, impeded ion flux through channels) provides direct Imipenem specificity of CarOs 2055 JAC evidence of the presence of a substrate binding site. 8 No ion flux modulation was observed after the addition of L-Glu or meropenem, ruling out the existence of a binding site for these compounds in both rCarO channels. However, as shown by Figure 1(b) , the three other substrates, L-Orn, L-Arg and imipenem, induced variable decreases in conductance depending on the rCarOa/b channels. Indeed, while both channels are poorly specific towards L-Arg, they presented a marked specificity towards imipenem. Stability constants were calculated accordingly (Table 1) , highlighting the rCarOb channel (K¼ 340 M
21
) to be more specific than the rCarOa channel (K¼ 146 M
) for this antibiotic. Finally, it has been shown that CarO from the A. baumannii strain Ab244 (CarOAb244 does not belong to the CarOa or CarOb groups, see Figure S1 ) may play an essential role in the selective uptake of ornithine. 4 This is in agreement with our functional analyses demonstrating the rCarOa channel specificity for L-Orn (K ¼ 286 M
). However, the rCarOb channel remains poorly specific to this compound, due probably to only 76% similarity between both CarO sequences. We concluded that the CarO channel facilitates the diffusion of substrates differently based on its primary structure.
These reconstitution experiments provide the first direct evidence for an interaction between imipenem and the CarO channel, owing to the His-tag removal, the presence of which previously prevented such determination. 6 The presence of an imipenem binding site may allow the CarO protein to serve as a preferred portal of entry for this antibiotic. Consequently, any alteration of the expression of CarO in the outer membrane would have a dramatic impact on the penetration of imipenem into the cell, thus contributing to the resistance to this antibiotic. The comparison of stability constant values between the Tsx channel (K ¼ 2000 M 21 and K¼ 7100 M 21 for adenosine and desoxyadenosine, respectively) and the CarO channels emphasizes the existence of a specificity of rCarOa/b towards imipenem, which remains moderate regarding the likely narrow size of the channels. 3, 8 The fact remains that rCarOb is clearly more specific towards imipenem than rCarOa (Table 1 ). In terms of antibiotic resistance, the more specific the channel for imipenem, the larger the impact on resistance.
Concerning the diffusion pathway of meropenem inside A. baumannii, neither rCarOa nor rCarOb contain a binding site to this compound. While they could allow its diffusion, they do not appear to facilitate it. This was unexpected, as the clinical isolates missing the CarO porin studied by Mussi et al. 4 were identically resistant to both meropenem and imipenem (MIC¼ 16 mg/L). This consequently suggests that another carbapenem resistance mechanism might have been developed by these strains; e.g. another porin-mediated pathway, possibly via Omp33-36, may be used by carbapenems. 
